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ABSTRACT 
Conductive membranes were prepared by magnetic alignment of graphite-coated 
iron nanoparticles (GCINs) in a polyisobutylene (PIB) matrix, which was cast onto an 
interdigitated surface electrode. Toluene and tetrahydrofuran (THF) were used as 
solvents for the casting solution.  Different molecular weights of PIB and solutions with 
concentrations ranging from 0.05- to 50-wt% were explored to optimize the mechanical 
and physical properties of the membrane.  The amount of GCINs used in the membranes 
ranged from 0.1- to 2.5-wt%, and a sonicator was used to disperse the particles in the 
membrane.  Sedimentation and surfactant studies were conducted to investigate the 
dispersion of GCINs in solutions.  Progresses were made to find an optimal combination 
of various parameters in order to attain thin homogenous membranes for fast response.    
 
 
 
  1 
1. INTRODUCTION 
 Detection of changes in the environmental can play an important role in 
applications such as pollution control, hazardous gas leak detection in process and 
manufacturing plants, as well as testing a confined space that may have harmful or 
dangerous chemicals present in the atmosphere.   
The objective of this project was to obtain thin, homogenous films, as well as to 
study particle dispersion in the polyisobutylene (PIB) matrix.  The goal in this initial 
stage was to be able to make reproducible films that were uniform in thickness and have a 
fast response rate for the entire film area.  When subjected to selected solvents, the 
membrane would swell causing the interparticle distance of the GCINs to increase and 
thus, lowering the conductivity of the membrane.  The variables that were investigated 
included molecular weight of PIB, type of solvent, concentration of PIB, and 
concentration of GCINs in the PIB matrix.  The molecular weight of PIB would help 
determine the viscosity of solution and hence, the casting procedure, as well as the degree 
of tackiness and robustness of the resulting film.  The type of solvent used would affect 
the membrane characteristics due to the rate of evaporation.  The main effect from 
varying the concentration of PIB with a constant amount of casting solution was the 
thickness of film.  Recommendations are included at the end of this thesis for the next 
stage of this project. 
2. INITIAL TESTING FOR FEASIBILITY (STAGE 1) 
 During the initial testing stage for feasibility, the effects of two different kinds of 
solvents as well as the concentration of PIB solutions were investigated.  Two different 
PIB were readily available in the lab.  Both were used for testing and their molecular 
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weights were later determined by means of gel permeation chromatography (GPC).  The 
molecular weight of PIB 1 was found to be 49470 Da, and PIB 2 was 53016 Da.   
2.1 Experimental Design 
Toluene and Tetrahydrofuran (THF) were selected to be used as the primary 
solvents.  The solvents were used to make 10-, 15-, 20-, 25-, 50-wt% PIB solutions.  The 
molecular weight of PIB 1 and 2, as well as the wt% of PIB in the solution were tabulated 
and listed as the first step of the overall research progress in Appendix A.  The solutions 
were mixed with a mechanical shaker and left in the hood overnight before casting.  
Samples were made by pipetting each solution onto 3×1" glass microscope slides with no 
frosted end.  The amount of sample used was not controlled or measure in this initial 
stage since it was only a rough test to determine whether THF or toluene would be 
suitable for this project.   
The amount of PIB solution used was the amount that needed to cover roughly 
90% of the slide surface for each sample.  A doctor blade was used during the casting of 
50 wt% PIB samples (with the exception of PIB 1 with THF) due to their high viscosity.  
The temperature selected for casting and drying was 25 ˚C.  The samples were placed in 
the hood for 24 hours, and in order to ensure complete drying, the samples were then 
placed in a vacuum chamber overnight.  The mass before and after drying under vacuum 
were recorded and compared to verify that the 24 hours period drying was sufficient 
enough for future use.  A micrometer with precision of ±0.01 mm was used to measure 
film thickness after the solvents had completely evaporated.   
 For the purpose of investigating the effect of compression from the micrometer on 
thickness measurements, a sample (10 wt% PIB in toluene) was left on the micrometer 
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for 35 minutes.  Thickness measurements were taken and compared to see if the amount 
of time it takes to measure film thickness would affect the reading. 
2.2 Results    Figure 1 and 2 shows the thickness of the film vs. the concentration of PIB in solutions for PIB 1 and 2, respectively.  In both figures, the majority of the data points (not including the 50‐wt% PIB solution) indicate an increasing trend in film thickness with higher wt% of PIB.  Sources of error might include the micrometer, mainly because of the degree of precision in its measurements; as well as human error in that the time it took to take measurements were not consistent for every sample.   
  
    
      
Figure 1. Measured film thickness plotted against concentration 
of PIB 1 solution using THF and toluene as the solvent. 
Figure 2. Measured film thickness plotted against concentration 
of PIB 2 solution using THF and toluene 
 as the solvent. 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Figure  3  to  shows  the  difference  due  to  the molectular  weight  of  PIB  and consistent patterns from using the THF and toluene.  Both solutions of PIB 1 and 2 resulted in lower film thickness when toluene was used as the solvent compared to THF.   The differenrce in rate of evaporation may be one of the main causes of this pheonmeon.  THF has a higher rate of evaporation than toluene, and hence samples with THF as  the solvent might have had a shorter period of  time to spread on the glass  slide  before  all  the  solvent was  evaporated.    Due  to  time  constraints,  other factors  such  as  the  wettability  of  THF  and  toluene  on  glass  slide  were  not investigated, but would be recommended for further examination.   
 
 
The thickness of the sample was initially measured to be 1.06 mm (including the 
thickness of the glass slide), after being left on the micrometer for 35 minutes the reading 
became 1.01 mm.  This result suggested that the time it took to measure the film 
thickness might affect the thickness reading.    
3. INITIAL TESTING FOR FEASIBILITY (STAGE 2) 
From the results obtained in stage one of the initial testing for feasibility, decrease 
in concentration of PIB used yielded lower film thickness as expected.  Also, the 
Figure 3. Measured film thickness plotted against concentration of PIB 
in the solution using THF or toluene as the solvent. 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membranes made from the higher concentration in stage one produced thicknesses that 
were much greater than desired.  Since the molecular weight of PIB 1 and 2 were similar, 
only PIB 1 was used for further testing.  GCINs also began to be introduced into the 
solutions at this stage.  Spin casting was also investigated as an alternative way to 
produce thin, homogenous films.   
3.1 Experimental Design 
3.1.1 Lower concentration of PIB 
0.5- and 1-wt% PIB solutions were made by dissolving PIB 1 from stage one of 
the initial testing in each of the two solvents – THF and toluene.  The temperature was 
also lowered to about 20 ˚C compared to 25 ˚C used in stage one.  The idea was to further 
reduce the rate of evaporation in attempt to decrease the film thickness even more.  
Similar to stage one, the solutions were left overnight to ensure that the solutions were 
homogenous.  925 µL of each solution were then cast onto glass slides, covering the 
entire surface.  The samples were let dry under the hood for a minimum of 24 hours.   
3.1.2 Addition of GCINs 
The concentration of PIB was lowered even further to 0.05-, 0.1-, 0.2-, and 1-wt% 
with PIB 1 from stage one of the initial testing in toluene (from this point on only toluene 
would be used as the primary solvent).  0.5-wt% and 0.1-wt% of GCINs were added in 
the solution.  The concentration of GCINs used was with respect to the combined weight 
of PIB and toluene.  The steps where GCINs were added to solutions were carried out in 
a nitrogen-purged glove chamber to avoid the oxidation and/or combustion of the GCINs.  
The solutions were then placed in a sonicator for 30 minutes to an hour before casting.  
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The variables and their values are also tabulated and listed in Appendix A as the second 
step in the overall research progress. 
3.1.3 Spin casting 
 About 2.5-wt% of GCINs was dispersed in 0.5- and 1-wt% of PIB solutions.  
Attempts of spin-casting these two solutions on glass slides were made.   
3.2 Results 
3.2.1 Lower concentration of PIB 
 Both 0.5- and 1-wt% of PIB-toluene samples (only 0.5-wt% PIB is shown below 
in Figure 4) exhibited a glossier surface than equivalent PIB-THF samples.  The less 
glossy surface could be attributed to the formation of bubbles due to THF’s high rate of 
evaporation.  Since the results from both stages of initial testing supported that toluene 
was a better choice as a solvent because it was able to produce lower film thickness and 
even membrane surface for the same concentration of PIB, THF was no longer used as a 
solvent from this point on. 
 
Figure 4. Samples with 0.5‐wt% PIB in THF (left) and toluene (right) after solvent evaporation.  
925 µL of solutions were used to cast each membrane. 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3.2.2 Addition of GCINs 
Figure 3 shows various combinations of PIB and GCIN concentrations.  900 µL 
of solutions were used to cast each membrane.  0.5-wt% GCINs was first used in 0.1- and 
0.05-wt% PIB solutions, but large GCINs agglomerates were formed.  0.5-wt% GCINs 
was then cut down to 0.1-wt% for the next batch.  For the second batch, starting when the 
solutions were first cast on glass slides, the GCINs tend to migrate away from the edges 
and agglomerate, which was likely due to the low viscosity of the solutions which 
promotes particle migration.  Sample 6b (0.1wt% PIB and 0.1 wt% GCINs, shown in 
Figure 3, second from the right) stood out from all the other samples due to its large 
agglomerates.  It is possible that a magnetic bar near by had some effect on the GCINs 
especially for this sample since it was closest to it.  
 
 
Figure 5. Various membranes cast from different combinations of PIB and GCINs.  
900 µL of solutions were used to cast on the glass slides for each sample. 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In order to reduce the formation of agglomerates, the viscosity of the solution 
should be increased.  The next step of this research would be to increase the molecular 
weight of PIB in hope that it would reduce the agglomeration of the GCINs without a 
significant increase on film thickness.  
3.2.3 Spin casting 
 Spin casting was attempted at both high and low rotation speeds, as well starting 
with low rotation speed then progressively increase the setting.  Unfortunately, there was 
no controlled way to do spin casting.  A significant amount of GCINs flew off the glass 
slide during the process, leaving uneven distributions of GCINs in the resulting 
membranes.  
4. TESTING WITH HIGHER MOLECUAR WEIGHT PIB 
 This chapter is an extension of the previous chapter.  Similar procedures were 
followed to obtain solutions with low wt% PIB and GCINs.  The main difference was 
that a higher molecular weight PIB resin was used in hope that it would reduce the degree 
of agglomeration by increasing the solution viscosity without a significant impact on the 
thickness of the film.  The molecular weight of the newly obtained PIB was 500 kDa, 
about ten times the molecular weight of the PIB used in the previous three chapters.  
Instead of casting on glass slides, solutions were cast on interdigitated surface electrodes.  
A multimeter was used to take conductivity measurements. 
4.1 Experimental Design 
 0.05-, 0.1-, 0.5-, and 1-wt% PIB solutions were made with 0.1-wt% of GCINs.  
100 µL of each sample were pipetted on the electrodes.  Thickness of the film was 
determined by the difference before and after casting.  A more precise micrometer with 
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increments of 0.01 µm was used for thickness measurements.  Measurement was repeated 
five or six times for each electrode. 
 A second batch was made with 0.1-, 0.5-, 1-, 2-, 3-, 4, and 5-wt% of membrane 
solution (99.5% PIB and 0.5% GCINs by weight).  This was done through a mater batch 
method where 10-wt% of membrane solution (99.5% PIB and 0.5% GCINs by weight) 
was first made then diluted to respective wt%.  This method was adopted to ensure the 
accuracy in the amount of GCINs added, since the balance available could only read to 
0.001g.  Another major difference between the first and second batch was that 20 µL 
instead of 100 µL of each samples were used to cast on the electrodes.   
Concentration of PIB solutions for the first and second batch were tabulated and 
listed in Appendix A under “Higher Molecular Weight PIB.”  
4.2 Results 
 Excess amount of solution caused the samples to overflow over the edge of 
electrodes when 100 µL of solution was used.  Most GCINs also overflowed along with 
the PIB matrix.  Nevertheless, film thickness was plotted again wt% PIB, but as expected, 
there was no trend evident in the plot when the volume of solution used was 100 µL. 
 
Figure 6. Thickness of film cast on interdigitated surface electrodes.  Volume of solution 
used was 100 µL of samples, with 0.05‐, 0.1‐, 0.5‐, and 1‐wt% PIB and 0.1‐wt% GCINs.  
Molecular weight of PIB was 500 kDa. 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 Volume of solution used for casting was reduced to 20 µL from the initial 100 µL.  
There was no evidence of overflow of solution in this batch.  However, some negative 
values were obtained after calculating the difference in thickness before and after casting.  
A possible explanation was the height of the interdigitated fingers projected above the 
electrode.  It was likely that the tip of the micrometer only probed the crest of the 
electrode and not the actual membrane.  A possible solution would be to use electrodes 
that have lower finger height extruded above the surface. 
 
 
  
The resistance reading from the multimeter for every sample made in this chapter 
were unattainable, since they exceeded the limit of the instrument; the instrument used 
had an upper limit of 40 MΩ.  This implied that the electrodes would not provide any 
conductivity without the alignment of GCINs. 
 
 
Figure 7. Thickness difference before and after solutions were cast on the electrode.  
Volume of solution used for casting was 20 µL for each sample. 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5. SEDIMENTATION STUDIES 
 Sedimentation studies were designed to serve as a guide to determine the extend 
of GCIN-dispersion in solution, as well as to calculate the size of GCIN agglomerates.   
5.1 Experimental Design 
 0.05- and 0.1-wt% PIB solutions were made both with 0.1 wt% GCINs.  Samples 
were prepared following similar procedures described in section 3.1.2.  Sample vials 
containing the solutions were inverted ten times before being transferred into a glass tube.  
The timer was started the moment the solution was transferred into the glass tube.  A 
cathetometer was used to measure the level of sedimentation at around 1, 5, 10, 20, 30, 
and 40 minutes from time zero.  Two additional repeats were conducted for each 
concentration of PIB using the same procedure.     
 A TA Instruments AR-G2 rheometer was used to determine the viscosity of the 
solution, which was then used in the calculation to determine the radius of the GCIN 
agglomerates. 
5.2 Results 
 Figure 8 shows that all six trials were consistent in that 0.05-wt% PIB solutions 
had faster settling velocity than that of 0.1-wt% PIB.  The results supported the prediction 
that higher concentration PIB would yield lower settling velocity due to its higher 
viscosity.  The difference between settling heights, λ, at a given time varied depending on 
the ease of determining the height of sedimentation.    
  12 
 
 
 Stokes’ Law was used to help determine the radius of the GCINs agglomerates.  
The expression used is as follows, 
 
 
The settling velocity was obtained through experimentation, and the density of the fluid 
and GCINs were obtained from the values provided by the manufacturer.  Table 1 shows 
the list of parameters and the values for Stokes’ Law.  The radius of GCINs 
agglomerates, r, which is the last parameter listed in Table 1, was calculated using 
Stokes’ Law. 
    
Vs, settling velocity 1.44E-05 m/s 
 g, gravitational acceleration 9.81 m/s2 
 Density of fluid (0.05%PIB in toluene) 867 kg/m3 
 Density of GCINs 7870 Kg/m3 
 Fluid viscosity 6.11E-04 Pa*s 
 r, radius of GCINs agglomerates 760 nm 
 
Figure 8. λ = L/Lo plotted against time. Lo was usually taken at time = 1 min. 
€ 
Vs =
2
9
r2g ρp − ρ f( )
µ
Table 1. List of parameters for Stokes’ Law. 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6. SURFACTANT STUDIES 
 The use of surfactants was investigated.  The goal was to find a suitable surfactant 
to better disperse GCINs in PIB-toluene solution.  Five potential surfactants were chosen 
and initial solubility test was conducted.  Two out of the five potential candidates were 
selected and carried out in a sedimentation test.  
6.1 Experimental Design 
 Four to six percent of each potential surfactant – oxalic acid, valeric acid, o-
phosphoric acid, propionic acid, and oleic acid – were mixed with toluene for the initial 
solubility test.  For the ones that were soluble in toluene (valeric acid, propionic acid, and 
oleic acid), the concentration was increased to ten percent to test for solubility at higher 
concentration.  
 Valeric acid and oleic acid were selected for further sedimentation testing.  
Although Propionic acid was also soluble in toluene, it was not chosen for sedimentation 
testing because its chemical structure is similar to that of valeric acid.  The solutions 
made consisted of 0.05-wt% PIB, 89.95-wt% toluene, and 10-wt% surfactant.  0.1-wt% 
(with respect to the sum of PIB, toluene, and surfactant) GCINS were added to the 
solution and placed in the sonicator for an hour.  Sedimentation testing for these two 
samples were done in the same manner as described in section 5.2.   
6.2 Results 
 The list of candidates selected as potential surfactants are shown in Table 2.  
Their chemical structures and the result from solubility testing are also included in the 
same table.  Two additional chemicals were also subjected to the solubility testing: lauryl 
sulfate and dodecylbenzenesulfonic acid.  The first appeared to be cloudy with crystals 
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precipitated on the bottom; the latter did not show any formation of precipitates but the 
solution was cloudy, indicating its immiscibility in toluene.   
 
 
The sedimentation results for valeric acid and oleic acid were plotted with results 
for 0.05-wt% PIB solution.  The 0.05-wt% PIB solution shown in Figure 9 is the average 
of the three randomized trials, and all had the composition of 0.05-wt% PIB and 99.95-
wt% toluene, with the addition of 0.1-wt% GCINs based on combined mass of PIB and 
toluene.  Oleic acid actually yielded a result that was opposite of what was expected - the 
rate of sedimentation was actually higher than that of 0.05-wt% PIB solutions.  And when 
valeric acid was used, there was no significant difference in settling rate compare to 0.05-
wt% PIB solutions, indicating that valeric acid was not an effective surfactant.   
Table 2. List of potential surfactants investigated, their structures, and solubility results. 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7. CONCLUSIONS 
 From initial feasibility testing, THF appeared to yield higher membrane thickness 
when used as a solvent in preparation of PIB solutions meant for casting, hence it was not 
used during further testing.  Films with higher wt% PIB also appeared to be thicker.  
Although lowering the wt% of PIB would produce thinner films, the low viscosity of the 
solution contributed to GCINs’ migration and agglomeration. 
 
 Higher molecular weight PIB was used to increase the fluid viscosity without 
having to increase the solution concentration and hence, resulted in little to no impact on 
membrane thickness.  
 
Figure 9. Sedimentation results for valeric acid and oleic acid 
compared to 0.05‐wt% PIB.   
Tables 3 and 4. List of parameters used during initial testing for feasibility for stage 1 and 2. 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Higher Molecular Weight PIB 
Mw of PIB 500 kDa 
wt% PIB 0.05, 0.1, 0.5, 1 
Vol. of Solution 100 µL then 20 µL 
 Sedimentation studies showed that lower concentration of PIB solutions yielded 
higher settling velocity for GCINs due to lower viscosities.  By using Stokes’ Law, the 
radius of GCIN agglomerate was found to be 760 nm.  Two potential surfactants were 
also subjected to sedimentation testing.  Valeric acid appeared to have minimal effect on 
rate of sedimentation, while oleic acid produced a higher settling velocity than 0.05-wt% 
PIB.   
8. RECOMMENDATIONS 
The height of the fingers projected above the surface of the electrodes should be 
minimized in order to obtain more accurate membrane thickness measurements.  Other 
chemicals such as EDTA should be explored for potential surfactants for PIB-toluene 
matrix.  When the stage of aligning the GCINs is reached, investigations should be made 
to discover the optimal GCINs to PIB ratio – the amount of GCINs that should be used 
with respect to PIB in order to achieve most favorable conductivity performance. 
 
 
 
 
 
Tables 5. List of parameters used during testing with higher molecular weight PIB 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 PIB 1  PIB 2 
Molecular Weight (Da)  49470  53016 
wt% PIB solution  10, 15, 20, 25, 50 
Solvent   THF and toluene 
PIB 1 in toluene plus GCINs 
wt% of PIB solution  0.05, 0.1, 0.2, 1 
wt% of GCINs  0.5 and 0.1 
PIB 1 in toluene plus GCINs 
wt% of PIB solution  0.5 and 1 
wt% of GCINs  2.5 
Higher Molecular Weight PIB 
PIB (500 kDa) in toluene plus GCINs 
wt% of PIB solution (Batch 1)  0.05, 0.1, 0.5, 1 
wt% of PIB solution (Batch 2)  0.1, 0.5, 1, 2, 3, 4, 5 
wt% of GCINs  0.1 
Cast Volume (µL)  100 and 20 
 
Initial Testing for Feasibility (Stage 2) 
1. Testing with lower concentration of PIB 1 
(0.5‐and 1‐wt%) in toluene and THF 
2. Introduced GCINs into the solutions 
 
 
3. Spin casting 
Initial Testing for Feasibility (Stage 1) 
Testing with various concentration of  
PIB 1 and 2 in toluene and THF 
APPENDIX A: SCHEMATIC OF OVERALL RESEARCH PROGRESS 
Sedimentation Studies 
PIB (500 kDa) in toluene plus GCINs 
wt% of PIB solution  0.05 and 0.1 
wt% of GCINs  0.1 
Cast Volume (µL)  100 and 20 
 
Surfactant Studies 
   Solubility in Toluene 
Potential Surfactant 
4‐6 wt% potential 
surfactant 
10 wt% potential 
surfactant 
Lauryl Sulfate  x  n/a 
Dodecylbenzenesulfonic Acid  x  n/a 
Oxalic Acid  x  n/a 
Valeric Acid  √  √ 
O‐phosphoric Acid  x  n/a 
Propionic Acid  √  √ 
Oleic Acid  √  √ 
 
